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ABSTRACT
Industrial, agricultural and urban activities may introduce anthropogenic pollutants into the local,
regional and/or global environment. As soils can accumulate these pollutants, soil monitoring can be
used in environmental assessments. Geophysical methods are used to provide rapid, nondestructive, and
diagnostic soil monitoring. Magnetic methods are often used; however, environmental magnetic studies
of soils have other purposes, including the study of climate variations and soil forming processes. This
study examined the effects of a common iron-based herbicide (iron hydroxylethylenediaminetriacetic
acid aka FeHEDTA) on soil magnetic properties. The magnetic properties of FeHEDTA control samples
in varying concentrations (5-50% by weight in gypsum powder), untreated specimens from soils of
Windsor-Essex County (Ontario Canada) and FeHEDTA-treated specimens from the same soils were
examined. Magnetic susceptibility (χlf, χhf), frequency-dependent magnetic susceptibility (χfd), artificial
remanence analysis (isothermal and anhysteretic), and hysteresis measurements were used to determine
the extent of the FeHEDTA effects. The results indicate that: 1) FeHEDTA additions of >26% by
weight to the gypsum powder resulted in a magnetic signature characteristic of superparamagnetic
magnetite; 2) the effect of FeHEDTA is most evident in soils with comparatively lower initial magnetic
mineral concentrations; and, 3) the effect of FeHEDTA in clay rich soils was an increase in χfd,
suggesting that the FeHEDTA was reacting with clay minerals to increase the iron concentration in
treated soil samples. The results suggest that the standard application dose of FeHEDTA for weedkilling would have negligible effects on soil; however, over-application or direct application to soil
could result in a small measurable effect.
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CHAPTER 1
INTRODUCTION
With an increase in the impact of human activities on Earth’s environment, it is becoming
crucially important to assess and monitor this environmental impact. One of the primary environmental
media that humans affect is soil (Hay et al. 1997; Heller, 1998), and thus any assessment of our impact
must evaluate that medium. However, while the impact of large scale human activity on the environment
and soils is monitored (Oldfield et al., 1985; Flander, 1994; and Fialova, 2006), there are also small
scale everyday processes that could have significant effects.
Such evaluations, and the associated monitoring should an impact be recognized, are often
expensive and time consuming. Non-destructive, non-penetrative geophysical methods can be used to
reduce cost and improve efficiency. Among the many soil monitoring methods, magnetic methods are
proven to be very effective, less time consuming, economical and nondestructive (Strzyszcz, 1996; Hay
et al., 1997; Hanesch and Scholger, 2002; and Evans and Heller, 2003).
One of the most common and mundane human activities that is affecting the soil environment is
maintaining

a

weed

free

lawn.

In

Canada,

iron-based

herbicides

(FeHEDTA-iron

hydroxylethylenediaminetriacetic acid as active ingredient) have been introduced to kill weeds within
the last decade (http://publications.gc.ca/collections/collection_2011/sc-hc/H113-25-2010-9-fra.pdf).
The application of FeHEDTA-based herbicides introduces iron (metal or ion form) into the soil
environment, and it is possible that it could affect the mineralogy of soil. This research is aimed to
establish if mineralogical changes in soil after the application of FeHEDTA can be identified by
established environmental magnetic methods.
1.1 Statement of Problem
In September 2010, Health Canada’s Pest Management Regulatory Agency (PMRA) approved
the use of FeHEDTA as the active ingredient in herbicides commonly used to kill broad leaf plants such
as dandelions and it has become commonly used in lawn maintenance. The application of an FeHEDTA1

based herbicide introduces additional iron (metal or ion form) into the soil environment, and could
potentially affect the mineralogy of the soils. Anecdotal evidence (consulting with neighbors) indicated
that many users paid little attention to dosage, and sprayed the iron-based herbicide widely and liberally
across their lawns. It can be an environmental concern that such amounts of iron, if they persist in the
environment, could have negative health or environmental effects. Therefore, this research project was
designed to determine if mineralogical changes in soil after application of FeHEDTA can be identified
by established environmental magnetic methods (Section 2.1.3). The foundation for the hypothesis is
previous work done on different chemical mechanisms, which can alter soil mineralogy (Schwertmann,
1988). These alterations could be reflected in changed magnetic properties of the soil. In a magnetic
survey of Windsor Essex County, Shi and Cioppa (2006) observed an anomalous increase in magnetic
susceptibility at a site, which had been treated with herbicides and pesticides.
1.2 Significance of Study
Soil monitoring is important in environmental assessments of a range of industrial pollutants, and
many assessments have started to use geophysical methods (Oldfield et al., 1979, 1985; Flanders 1994;
Strzyszcz, 1996; Hay et al., 1997; Hanesch and Scholger, 2002; and Evans and Heller, 2003). Iron
oxides and their magnetic properties form the basis for magnetic methods of assessments (Thompson
and Oldfield, 1986; Evans and Heller, 2003). The variation in chemical forms of iron oxide minerals
present in soils provides information on their formation and prevailing environment (Maher, 1985;
Jordanova, 2006). Magnetic methods are significant tools that can be used to identify the different
chemical forms of iron-based soil minerals. In the literature, different methods and procedures have been
established to differentiate between iron oxides formed by industrial impact and iron oxides formed by
natural processes (Roy and Thompson, 1986; Evan & Heller, 2003; Fialova et al., 2006). There is no
literature available that addresses potential changes in iron oxide mineralogy in soils caused by addition
of an iron based herbicide. This research addresses and attempts to identify any changes in iron oxide
mineral environment of the soil caused by this iron based herbicide. In doing so, the possibility that
2

previous and ongoing research could have been unknowingly affected by the application of FeHEDTA
is considered.
1.3 FeHEDTA
Iron (in the form of iron hydroxylethylenediaminetetraacetic acid) has been approved by the Pest
Management Regulatory Agency (PMRA Docu. PRD2010-03, 2010) for use as the main ingredient in
iron-based herbicides (in this research, Scotts Weed B Gon® was used for the experiments). In
appearance, Weed B Gon® is a dark red liquid containing 4% iron (https://www.scotts.com/enca/products/lawn-weed-control/scotts-ecosense-weed-b-gon-weed-control-concentrate). According to
PMRA (2010), Fe acts as a catalyst for oxygen reduction, and produces highly unstable oxygen radicals
which damages cells in broadleaved plants, and thus is an effective “natural” herbicide for plants, such
as dandelions.
FeHEDTA is formed by chelating iron with hydroxyethylenediaminetriacetic acid. FeHEDTA is
chemically similar to iron chelates of EDTA ethylenediaminetetraacetic acid (Biopesticides Registration
Action Document, 2009). There is not much literature available specifically for FeHEDTA but its
degradation behavior in soil can be compared with Fe(III)EDTA. The Fe(III)EDTA compounds are
degradable in highly alkaline and calcium rich environments. Fe3+ is precipitated as an hydroxide
(Nortemann, 1999). Fe(III)EDTA is sensitive to photolysis and can be mineralized by sunlight (Jeffrey,
1980). Before its degradation, Fe(III) EDTA may react with goethite (Ngwack and Sigg, 1997), resulting
in a surplus of Fe3+, which can cause changes in mineralogy (Schwertmann, 1988). The biodegradation
of Fe(III) EDTA is slow and depends on the surrounding environmental conditions, such as soil pH,
organic content, and temperature.
1.4 Objectives and Predictions
As mentioned in section 1.3, FeHEDTA is chelated iron and from previous studies, it is clearly
possible that once in soil, FeHEDTA could release iron in ion or oxide form. Therefore it is also
3

possible that introduction of a surplus of iron after applying FeHEDTA could change the magnetic
properties of the soil. The primary objective of this research project is to examine these possible changes.
However, in order to do so, the magnetic properties of FeHEDTA itself need to be evaluated, and
therefore the determination of the magnetic properties of FeHEDTA is also an objective of this study.
Given is the above, I hypothesize that:
a. magnetic property and parameter measurements will allow determination of the magnetic
characteristics of FeHEDTA;
b. such measurements will show increases in concentration-dependent magnetic parameters if
the amount of FeHEDTA is increased:
c. after FeHEDTA application to soils, there is will be a measurable change in the magnetic
properties of soils; however, while this may be reflected in concentration-dependent
parameters, the initial soil mineralogy or grain size could also be affected.
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CHAPTER 2
LITERATURE REVIEW

Although initially used only as a navigational tool, magnetism has been intensively studied and
modified and is now used in every aspect of modern life, including highly sophisticated diagnostic
medical scanners and digital information technology (Lowrie, 1997). In geophysical studies, magnetic
methods are the most varied method in terms of the potential scope and applications. The uses for these
techniques range from local and regional studies for varied purposes including environmental
assessments, hydrocarbon exploration, mineral deposit geology, archaeology and anthropology,
construction sites, and paleotectonics (Telford et al., 1990; Nabighan et al., 2005) to detailed studies of
minerals at the atomic and grain size levels (mineral magnetism) to extra-planetary studies (Coey, 2010).
Environment assessment/monitoring using magnetic methods is a recent development that is being
pursued due to the visible impact of humans on the environment (Mitchell, 1970; Ellsaesser 1975).
Magnetic methods for environmental monitoring are inexpensive, nondestructive, fairly fast, and
accurate, and provide some diagnostic parameters that can be used to assess environmental impacts (Roy
and Thompson, 1986). Soil is a commonly used medium for environmental assessment and iron oxide
minerals in soil provide researchers a medium to use magnetic methods (Flanders, 1994; Fialova, 2006).
In magnetometry, the iron oxide minerals that are present in soil (magnetite, hematite, maghemite,
goethite) are used to characterize many aspects of the soil e.g. difference in magnetic characters of iron
oxide minerals has been used to model pathways and processes of soils formation, and, to differentiate
pedogenic, lithogenic and anthropogenic origin of iron oxide in the soil (Maher, 1986; Roy and
Thompson, 1986; Schwertmann, 1988; Evan and Heller, 2003; Jordanova, 2016).
Soil mineralogy using magnetic methods was initiated in the 1950’s with the goal of differentiating
the topsoil from other soil horizons. Magnetic susceptibility (Section 2.1.2) of the various magnetic
mineral grains (magnetite, hematite, maghemite, goethite) that are present in soil was studied by
Babanin (1973) and Mullin (1977) for different soil types e.g. podsolic and chernozemic (Section 2.2).
5

Simultaneously, advances in technology and improved methodologies in rock and mineral magnetism
(Dunlop, 1972, 1973; Butler and Banerjee, 1975) were being developed in order to better understand
iron oxides (grain size, coercivity remanence; section 2.1.2) present in rocks. In the 1980’s, a number of
researchers (Banerjee et al., 1981; Ozdemir and Banerjee, 1982; Hunt, 1984; Dearing et al., 1985; Maher,
1986; Thompson and Oldfield, 1986; Taylor et al., 1987 among others) extended the use of rock
magnetic techniques and principles to soil studies. Multiple diagnostic magnetic parameters (for
measuring susceptibility, magnetic grain size, coercivity) were introduced to distinguish different iron
oxides present in soil. Around the same time, others (Schertmann, 1991; Schulze, 1994; and Bigham et
al., 2000) began to use nonmagnetic methods, such as X-ray diffraction, Mossbauer spectroscopy and
mineral chemistry, to identify pathways and processes (oxidation, thermal transformation and biogenic
alteration etc.) of iron oxides in soil.
The collaborations between soil scientists, chemists and magnetists helped researchers to correlate
iron oxide phases with the pathway and process of their formation in various soil environments under a
range of climatic conditions using magnetic methods (Maher, 1986; Dearing et al., 1985; Kukla, 1989;
Childs, 1992). With this growing understanding of and correlation between soil processes and magnetic
properties and parameters, Thompson and Oldfield (1986) coined the term “environmental magnetism”.
The utility of this new field was demonstrated by its expansion to other environmental issues such as
climate monitoring, pollution monitoring, soil contamination, archaeology, paleoenvironment, by
multiple researchers (Evans and Heller, 2003; Liu et al., 2012; Jordanova, 2017).
2.1 Magnetic Principles, Methods and Parameters
Environmental magnetism exploits the magnetic properties of magnetic minerals and particles
present in soils, sediments and dust to improve our understanding of the environment and environmental
processes. Magnetic properties of these three media (soils, sediments and dust particles) have been used
as proxies for climate records (Kent, 1982; Maher and Thompson, 1992; Kukla et al., 1980), pollution
monitoring (Flanders, 1994) and archeology (Dalan and Banerjee, 1998; Epov et al., 2015), among
6

others. This section describes the principle of magnetism and introduces the magnetic parameters and
methods that are used in soil magnetism.
2.1.1 Principles of Magnetism
Magnetism is a basic property of all materials. It arises from the electron motion within an atom.
Electrons of any atom are associated with two kinds of motion, the orbital motion around the atom’s
nucleus and the spin motion about each electron’s individual rotational axis (Collinson, 1983; O’Reilly
1984; Dunlop and Ozdemir, 1997; Coey, 2010). These moving charges (electrons) give rise to a
magnetic field that is governed by the basic laws of physics (e.g. Faraday’s Law, Ampere’s Law,
Lorentz’s Law etc.) and quantum mechanics. Within an atom’s electron shells and subshells, there may
occur paired electrons or unpaired electrons. Paired electrons have spins opposite to each other. Thus,
the spin motion of such electrons does not contribute towards the magnetic field associated with the
atom. Such atoms are diamagnetic with the magnetic field resulting only from the orbital motion of the
electrons. Atoms with unpaired electrons typically demonstrate paramagnetic behavior, where the
magnetic moments associated with the unpaired electrons align to the applied field direction. In both
diamagnetism and paramagnetism, when the applied field is removed, the magnetic moments revert to
their original position (Collinson, 1983; O’Reilly, 1984; and Thompson & Oldfield, 1986).
Ferromagnetism is an extreme form of paramagnetic behavior, which is caused by molecular
interactions (exchange interaction of magnetic moments) between neighboring atoms, – This results in a
behavior wherein the material retains some of the magnetism after the applied external field has been
removed (O’Reilly, 1984; Collinson, 1983). Ferromagnetism is a temperature dependent property, and
the critical temperature (Curie temperature) is defined as the temperature above which a ferromagnetic
material starts behaving like a paramagnet (Collinson, 1983; O’Reilly 1984; Dunlop and Ozdemir, 1997).
Ferrimagnetism and antiferrromagnetism are variant forms of ferromagnetism, which are affected by
different types of ions present in crystal lattice. In a ferrimagnetic material or crystal, there is a magnetic
moment contribution from two different ions. These two different ions have unequal magnetic moment
7

antiparallel to each other, thus imparting a net magnetic moment to the crystal. In antiferromagnetic
material crystals, the magnitudes of the magnetic movements are the same but opposite in direction.
This results in no net magnetic moment in the material. These different magnetic behaviors
(ferromagnetic, ferrimagnetic or antiferromagnetic) are the manifestation of a specific mineral’s attempt
to reach a minimum energy state when subjected to a magnetic field (Collinson, 1983; O’Reilly, 1984;
Dunlop and Ozdemir, 1997; Tauxe, 2010).
In order for a material to reach and to stay in the energy minima state, magnetic domains are formed.
The domain size and number depend on the energy budget of the system (O’Reilly, 1984; Dunlop &
Ozdemir, 1997). Consider a grain that has collinear magnetic moments along the easy axis (orientation
of grain along which magnetic moments can be aligned easily). These magnetic moments are repulsive
to each other, thus creating a high energy state (magnetostatic energy). To reduce this high energy state,
the grain divides itself in smaller sections in such a way that each section has collinear magnetic
moments but is opposite from neighboring sections. The sections are separated by domain walls which
are in a high energy state. These individual sections are called domains. The grain keeps dividing itself
into subsections (domains) until it reaches a state where energy saved becomes more than energy
required to form domain walls (Collinson, 1983; O’Reilly, 1984; Dunlop & Ozdemir, 1997).
A grain with multiple domains is termed a multidomain (MD) grain. If the grain size is so small that
formation of domains is not favored from the energy budget, the grain is termed single-domain (SD). An
in-between state is called the pseudo-single-domain (PSD) state in which there are only one or two
domains that magnetically behave as a single-domain. Superparamagnetic (SP) grains are extremely
small size grains, which have high magnetic moments but are very sensitive towards temperature
variations. Their magnetic moments keep flipping, resulting in a zero average magnetic field (O’Reilly,
1984; Dunlop & Ozdemir, 1997).
Hematite, magnetite and all other iron oxide minerals have defined sizes for their respective singledomain and multidomain grains (Table 2.1), which vary from mineral to mineral. This variation is
8

caused by grain shape and saturation magnetization (when all magnetic moments are aligned in one
direction) of the mineral grain. For example, SD grains for hematite are approximately 15 µ m while
magnetite SD grains are ~0.1 µ m (Thompson & Oldfield, 1986). Hematite is a canted antiferromagnetic
mineral at room temperature with low saturation magnetization (all magnetic moments are not aligned in
one direction), and thus has a low magnetostatic energy. Because, it is already in a low energy state, a
hematite grain does not form multiple domains until the grain size is fairly large. In contrast, magnetite
is ferrimagnetic with high saturation magnetization (instant alignment of magnetic moments), and thus
high repulsive energy of magnetic moments (magnetostatic energy). Therefore, a magnetite grain tends
to divide into domains and has a relatively small defined size for SD grains (Butler and Banerjee, 1975;
Dunlop, 1973). Grain size variations within an iron oxide and their saturation magnetization have been
used by researchers (Day, 1977; Banerjee, 1981; King, 1982; Dunlop and Ozdemir, 1997) to establish
some diagnostic parameters to differentiate iron oxides and characterize them magnetically. These
parameters (section 2.1.2) were utilized to characterize different soil types by their magnetic properties
(Thompson and Oldfield, 1986; Maher, 1986; Evans and Heller, 2003; Jordanova, 2017)
2.1.2 Magnetic Parameters
Magnetic Susceptibility
The magnetic susceptibility of a material is an intrinsic property and describes the degree of
material’s ability to become magnetized (Babanin, 1973; Mullins, 1977). Thus, if a material is subjected
to a magnetic field H and acquires a magnetization of M per unit volume, then its magnetic
susceptibility is given by the ratio of the magnetic field and magnetization per unit volume.
κ=

M
H

M and H both have the same units, and therefore κ is dimensionless and is termed as volume
susceptibility. Thus volume susceptibility is the measure of the number of magnetic moments present in
the material per unit volume that was affected by the applied field. Susceptibility can also be defined per
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unit mass and is obtained by dividing the volume susceptibility (κ) by density (ρ) and thus has units of
m3 /kg (Collinson, 1983;O’Reilly, 1984).

χ=

κ
ρ

Diamagnetic materials have negative susceptibility as the orbital motion of electrons produces a field
which opposes the applied field. Paramagnetic materials have positive but low susceptibility (Fig 2.1) as
their magnetic energies are weak and easily perturbed by thermal agitation (even at room temperature).
When an external magnetic field is applied to a paramagnetic material, the magnetic moments align
themselves in the external field direction. But as the external field is removed, in the absence of any
strong magnetic energy, thermal energy takes over and the magnetic moments follow the paths defined
by thermal energy. Mathematically, Curie’s law is followed, which is given by,
κ=

C
T

where T is the absolute temperature and C is the Curie constant.
Ferromagnetic materials have high susceptibility but while measuring their susceptibility, other factors
need to be considered. Ferromagnetic materials reach saturation (all magnetic moments align in same
direction) relatively easily. Once the material is saturated, intrinsic demagnetization (an opposite internal
magnetic field within the grain) due to alignment of magnetic moments, comes in effect, which reduces
the measured magnetic susceptibility of the material. Therefore, for ferromagnetic materials, magnetic
susceptibility must be measured at low field χ0. For practical purposes, the susceptibility of
superparamagnetic (SP) grains linearly increases untill the grain volume reaches its critical value after
which the magnetostatic energy takes over the thermal energy. Susceptibility decreases till a stable
single domain state is reached (Hartstra, 1982; Collinson, 1983). Magnetic susceptibility is used as a
measure of the concentration of magnetic materials and is used to diagnose the presence of
superparamagnetic grains (Dearing et al., 1996).
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Magnetic Remanences
In diamagnetic and paramagnetic material, the magnetizing field (H- Am-1) and magnetization (MAm-1) follow a linear trend (Fig 2.1). In ferromagnetic materials, magnetization and magnetizing field
follow a hysteretic curve (Fig 2.2). The hysteresis loop of a ferromagnetic material provides information
(saturation magnetization, saturation remanence, remnant magnetization and coercivity), which is used
in defining and quantifying the magnetic behavior of ferromagnetic material. When an external field is
applied, all spin moments start aligning themselves in the external field direction. Once all the spin
moments are aligned in one direction, the magnetization reaches a saturation point after which any
increase in external field does not change magnetization. This saturation point is saturation
magnetization. In case of MD grains, the spins are already aligned so the applied field works only on the
domain walls. Therefore, in MD grains, MS can be reached with low applied field as compared to SD
grains.
In measurements of the saturation remanence, the applied external field is reversed and reduced to
zero. In the absence of an external field, the sample still shows a remnant magnetization (Mrs). For a
sample dominated by single domain grains, the remnant magnetization is always higher than the sample
with more multidomain grains (Collinson, 1983; Dunlop and Ozdemir, 1997). To reduce the remnant
magnetization to zero, a further external field is applied in the opposite direction. The field that reduces
the remanence magnetization to zero is called the coercivity (Hc). Particles with high coercivity values
are called hard magnetic materials (e.g. hematite), while soft magnetic materials have low coervicities
(e.g. magnetite (Dunlop and Ozdemir, 1997).
2.1.3 Magnetic Properties of Soils
Commonly, a mineral or material is described as magnetic only if it exhibits ferromagnetism,
ferrimagnetism or antiferromagnetism. For a mineral to be magnetic, the presence of a magnetic atom or
molecule is required (Schwertmann, 1988). Magnetic characteristics of the mineral are imparted by
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chemical composition and crystal structures of the mineral. In environmental magnetism, and indeed in
most magnetic applications, the minerals that are investigated for their magnetic properties, have iron as
the main source of their magnetism. Based on the iron compounds as mineral constituents, there are
several main classes of magnetic minerals e.g. iron oxides, iron oxyhydroxides, iron sulphides and iron
carbonates ( Bigham et al., 2002). The most prevalent iron minerals that have been used to characterize
different types of soils are the iron oxides and iron hydroxides.
Magnetic Minerals in Soil
Magnetism in soil is mainly derived from iron oxide minerals, with minor contributions from iron
sulphides and oxyhydroxides. The formation and transformation of iron oxides in soil are based on
numerous chemical reactions and the prevailing physical environment within soil horizons. Iron in an
igneous bedrock is present in its reduced state as Fe2+ within the silicates (Schwertmann, 1988).
Hydrolytic and oxidative weathering release this as Fe3+, which has low solubility and precipitates as
goethite, ferrihydrite and green dust (a mixture of Fe2+ and Fe3+, which forms magnetite). Dehydration of
the ferrihydrite results in hematite and goethite (Schwertmann, 1988; Bigham et al., 2002). In oxygen
deficient conditions Fe3+ reduces to Fe2+. Thus the iron oxides undergo repeated changes in which they
are alternately precipitated in oxidizing conditions and are chelated or in solution as Fe2+ (Bigham et al.,
2002). The oxide minerals formed as the result of these alternating oxidation and reduction conditions
have different physical and magnetic properties depending on factors such as prevailing temperature,
water activity, and pH, Fe activity. A summarized chart of the formation of magnetic minerals under
different environmental conditions is given in Figure 2.3. The primary iron oxide minerals that impart
magnetic properties to a soil are magnetite, hematite, maghemite, goethite, lepidocrocite, ferrihydrite,
pyrrhotite and greigite. Some of the magnetic signatures and parameters for iron oxide minerals of soil
are summarized in Table 2.1.
Magnetic Parameters in Soil Magnetism
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In most of the case studies for magnetic analysis of soils, the purpose has been to understand its
pedogenesis, to infer the environment and climatic conditions during its formation and development, and
to establish whether or not the magnetic minerals are suitable for pollution monitoring ( Ozdemir and
Banerjee, 1982; Dearing et al., 1985; Maher, 1986, 1992; Thompson and Oldfield, 1986; kukla, 1989;
Childs, 1992; Strzyszcz et al., 1996; Hay et al., 1997; Heller et al., 1998; Semenov and Pakhotnova,
1998; Sheggao, 2000; Evan and Heller, 2003; Oldfield et al., 2003; Fialova et al., 2006; Shi and Cioppa,
2006; Jordanova, 2016) . Magnetic parameters that have been used in such studies are described below.
Susceptibility and Frequency Dependence of Susceptibility (χlf χfd)
These techniques provide information about the magnetic mineralogy and concentration of magnetic
minerals within a sample. Susceptibility is the most easily measured parameter both in the field and in
the laboratory. As mentioned earlier, the susceptibility contribution from diamagnetic materials is
negative, while that from paramagnetic materials, it is very small. If any ferromagnetic material is
present, it dominates the measured susceptibility value (Dearing, 1996.)
Dual frequencies of susceptibility can be used to investigate the presence of superparamagnetic
grains in an assemblage of different grain sizes. When magnetic susceptibility is measured at low
frequency (χlf), SP grains also contribute towards the χlf but at high frequency (χhf), SP grains do not
contribute towards magnetic susceptibility (Banerjee et al., 1993; Maher and Thompson, 1992; Dearing
et al., 1996) A parameter χfd is defined to check the presence of superparamagnetic grains in a mixture
of different grain sizes. χfd = (χlf – χhf)/ χlf*100 will be small in the presence of SP grain in an assemblage
of different grain size. For practical purposes χfd < 7 - indicates absence of SP grains (Dearing et al.,
1996 ).
Remanent Magnetization Every magnetic sample has a natural remanent magnetization (NRM),
which is extremely important for the paleomagnetic study of rocks (Fuller et al., 1994)). NRM can be a
combination of different remanent magnetizations acquired during many magnetization processes
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(Evan& Heller, 2003). In soil samples, NRM has not been proven diagnostic of any particular
pedogenetic process (Maher, 1986). Therefore, artificial remanence magnetizations are used in soil
studies. Anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization (IRM) are
the most extensively used artificial magnetization, which yields the most diagnostic parameters for soil
samples magnetic properties (Maher, 1986).
Anhysteretic Remanent Magnetization (ARM) is defined as the remanent magnetisation acquired
by the sample when exposed to an alternating magnetic field of decreasing amplitude in the presence of
a small constant DC field (Dunlop and Ozdemir, 1997). The grains within a sample that have coercive
forces smaller than the peak of alternating field are demagnetized while the higher coercivity grains stay
magnetized in the direction of biased DC field (Roy and Thompson, 1986; Maher, 1986; Evan and
Heller, 1996). A related diagnostic technique is the use of partial anhysteretic remanent magnetization
(pARM). The alternating demagnetizing field is applied similar to ARM measurement but the DC field
is only applied for a selective range of demagnetizing field e.g. 0-10 mT, then 10-20 mT, 20-30 mT... In
a demagnetising field interval of < 20 mT ( Liu et al., 2005), more stable grains ( single domain) do not
contribute in acquired magnetization, while at large demagnetizing field intervals, the magnetization
contribution is from stable or more coercive grains. The shape of the pARM spectra is directly related to
the distribution of grain sizes of magnetite.
Isothermal Remanent Magnetization is defined as the remanent magnetisation acquired by a
sample when exposed to a DC field at room temperature. The sample is subjected to an increasing
magnetic field till a saturation magnetization (SIRM) is reached. If a sample acquires saturation (a
maximum value) by 300 mT, it represents a soft coercivity magnetic material e.g. magnetite or
pyrrhotite, while a linear curve (or increasing values past 300 mT) indicates the presence of hematite or
goethite (Fig 2.4; Cisowski, 1981; Fuller et al, 1988; Symons and Cioppa, 2000). Another diagnostic
parameter can be derived by subjecting the SIRM sample to stepwise AF demagnetization. The
intersection of the SIRM curve and demagnetization curves indicates interaction of different size grains
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(Tauxe, 2010). If remanent magnetization is nearly half the saturation magnetization at crossover (Fig
2.5), this indicates single domain particles, while lower values indicate the presence of different sized
grains.
The S-ratio is used to differentiate the presence of antiferromagnets (e.g. high coercivity minerals
such as hematite; also referred to as “hard” magnetic minerals) and ferrimagnets (eg. low coercivity
minerals such as magnetite; also referred to as “soft” magnetic minerals) within a sample. The range of
results is from 0-1, where a ratio close to unity indicates the presence of soft ferrimagnets, while ratios
near 0 indicate harder magnetic minerals (Evans & Heller, 2003). The sample is saturated by applying
high field (1T) and magnetization is measured to obtain SIRM value. Then the sample is exposed to
lower field (100 mT, 200 mT or 300 mT) in the opposite direction and measured to obtain IRM value
(Evan & Heller, 2003). The ratio of IRM and SIRM gives the S-ratio.
ARM/SIRM and SIRM/ κlf and ARM Susceptibility are used as grain size indicators for magnetic
minerals (Thompson & Oldfield, 1986; Evans& Heller, 2003). Typically, higher values indicate a
smaller size. The ARM value will be higher for stable and coercive grain size because of their tendency
to get high remanence once the field is removed as it is difficult to flip back the magnetic moments in
unison (Evans and Heller, 2003, Maher, 1986).
2.2 Pollution Monitoring with Soil Magnetism
Early researchers (Mitchell, 1970; Ellsaesser 1975) had established a human contribution to
increased particulates in the atmosphere. In the early 1980s, researchers (Oldfield 1978, 1981; Chaddha
and Seehra 1982) concluded the presence of iron oxide in particulates by using magnetic methods and xray diffraction in fly ash samples collected from buildings. Thompson and Oldfield (1986) recognized
the usefulness of studying the magnetic particles present in the atmosphere as pollution indicators. This
usefulness was coupled with some difficulties and a dearth of uncontaminated sample collection
methods. Additional media of collecting samples of fly-ashes were quickly suggested, e.g. leaves and
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spider webs (Flanders, 1994). Further work in pollution studies over the following few years led to the
conclusion that soil can be considered as a sink for atmospheric particulates (Strzyszcz. 1996; Hay et al.,
1997; Heller et al.,1998). Most of these studies observed high magnetic susceptibility (up to a 10-fold
increase) values with coarser magnetic grain sizes in soil samples collected from near industrial areas.
Starting in the early 2000s, research into this area increased significantly (Kapicka et al., 1999;
Hanesch and Scholger, 2002), addressing magnetic studies of soil in conjunction with pollution
monitoring. Fialova et al. (2006) conducted a comprehensive research study on magnetic properties of
soils and determined that magnetic techniques could differentiate lithological and anthropogenic iron
oxides in soils when the main source of anthropogenic iron oxide was atmospheric particulates.
Magnetic studies of soil for pollution monitoring was extended to agricultural soil by Baghdadi et al.
(2011) and Duan et al. (2010), who used magnetic techniques to identify the presence of heavy metals in
arable soil, and determined that the source of the heavy metals in these soils as urban activities and steel
industry.
There is no literature available that addresses the presence of iron-based pesticide/herbicide and its
effect on soil magnetic properties. Laired and Sawhney (2002) studied the effect of pesticides and
herbicides on soil minerals but none of the ones used had iron as their constituent in any form.
2.3 Soil Classification and Canadian Soil Classification System
Soil classifications provide a systematic method for sharing knowledge about the variation in soils
across an area and intented to provide a means for consistently describing soils so that comparable soils
from different areas are characterized in a similar way. The earliest soil classification system in Canada
was introduced in 1914 by A. J. Galbraith (http://sis.agr.gc.ca/cansis/taxa/cssc3/chpt01.html#his). With
further increases in knowledge about Canadian soil types, the modern soil classification system was
introduced in 1955 (http://sis.agr.gc.ca/cansis/taxa/cssc3/chpt01.html#his). In the modern Canadian soil
classification system, soils are divided in 10 orders: cryosolic, organic, vertisol, podzolic, gleysolic,
solonetzic, chernozemic, luvisolic, brunisolic and regosolic (Fig 2.6). These orders are identified on the
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basis of the soil environment and the effect of the dominant soil forming processes
(http://sis.agr.gc.ca/cansis/taxa/cssc3/index.html). These orders are further divided into great groups,
subgroups, family and series on the basis of a number of factors, such as color, mineral composition, and
soil horizons.
Field identification of soils according to the Canadian soil classification system is differentiated
largely on the basis of characteristic soil horizons. A brief description of the identifying characteristics
of soil horizons (according to the Canadian soil classification system) is given in Table 2.2. For example,
a luvisol is characterized by presence of Ae and Bt horizons. A gleysolic soil is characterized by
seasonal water saturation causing mixed oxidation & reduction of iron oxides. In water saturated soil,
the reduction of iron minerals results in a blue gray hue to the soil, while as the water level recedes,
oxidation takes place, resulting in a reddish hue to soil. Thus the B horizon of gleysolic soils are
characterized by mixtures of different oxidation states of iron in the soil (http://sis.agr.gc.ca,
https://www.soilsofcanada.ca). Podsolic soils are identified by the presence of an iron-rich Bf Horizon.
In the presence of high organic matter and an acidic pH environment, chemical weathering is initiated,
causing the iron minerals to form chelates with decomposition products of organic matter.
In most literature, the conventional methods used to identify iron minerals (X-ray diffraction,
differential thermal analysis, electron microscopy and infrared spectroscopy) are therefore used to define
horizons. These methods have limitations in identifying and differentiating the different sized grains of
magnetic minerals. Thus, with these conventional methods, it is not possible to differentiate between
pedogenic (single domain or less in grain size) and lithogenic iron minerals (multi-domain grain size)
(Thompson and Oldfield, 1986). Different grain sizes of iron minerals can be easily and economically
identified with magnetic methods and thus contribute in further analysis of soil genesis and horizon
classifications.
Jordanova (2017) stated that “The Fe oxides in soils are an intimate product of the major soil
forming processes and represent a sensitive mirror for the complex biogeochemical interactions between
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the soil’s constituents (minerals, organic and living) and external factors such as climate (temperature,
precipitation), time and topography”. Thus, the factors that play an important role in soil classification
are directly or indirectly related to the iron oxide present. However, the modern soil classification in
Canada does not define magnetic characteristics as a criterion to differentiate and classify soil types.
2.4 Study Area: Windsor-Essex County
Windsor-Essex County is underlain by shale, limestone, dolomite and, sandstone bedrock (Hudec,
1998). The unconsolidated sediments overlying the bedrock were deposited during the late Wisconsinan
stage of glaciation (Hudec, 1998; OGS, 1994), imparting morainic characteristic such as presence of
pebbles of varying size, to Windsor-Essex soils. These quaternary glacial deposits are overlain by
alluvial deposits or altered by lacustrine action (Hudec, 1998, Richards et al., 1949). According to the
modern soil classification system, the most prominent soil types in the Windsor-Essex region are
gleysolic

and

luvisolic

soils

formed

from

lacustrine-morainic

material

(Fig

2.7;

http://www.agr.gc.ca/atlas/soil), but does not provide any further information on suborders. However,
the earlier Soil Survey of Essex County (Richards et al., 1949) provided a much more detailed
characterization of the soils.
Field locations were selected on the basis of accessibility and relevance of the soil type of the
locations. The South Cameron woodlot (Latitude/Longitude 42.28/-83.04) and South Howard vineyard
(Latitude/Longitude 42.10/-83.00) were the two sites selected for sample collection (Fig 2.8, a and b).
The more recent soil survey indicated that the South Cameron woodlot has gleysolic soils (represents the
most prominent soil type in Windsor) and has little anthropological impact, while the South Howard
vineyard

had

luvisolic

as

well

as

gleysolic

soil

types

with

agricultural

effects

(http://sis.agr.gc.ca/cansis/nsdb/slc/index.html).
According to the Soil Survey of Essex County (Richards et al., 1949), the South Cameron woodlot
has Brookston clay while the South Howard vineyard is Brookston clay and Burford loam (shallow
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phase)..The parent material for the Brookston clay is heavy moraine altered by lacustrine deposition
(Richards et el, 1989). Brookston clay is a dark surfaced gleysolic soil characterized by dark grey brown
topsoil, underlain by a weathered layer of brown till or lacustrine clay silt which gradually changes to
grey, silty clay with fine gravel. The brown layer is caused by the oxidation due to its exposure to air.
The bedrock is slightly alkaline nature (pH 7.8), while the top soil and subsoil varies from slightly acidic
to neutral with pH 6.8 to 7. The Burford loam is formed from well-sorted outwash material. The gravelly
dark brown shallow topsoil layer (may have eroded) is underlain by clay loam. Richards et al. (1949)
compares Burford loam to a podsolic soil which is equivalent to luvisolic soil of modern soil
classification (pers. comm. B. VandenBygaart, Soil Scientist, Science and Technology Branch,
Agriculture and Agri-Food Canada/ Government of Canada).
2.4.1 Soil Magnetism in Study Area
Though there is a significant amount of geological information available for the Windsor-Essex
region, there is no literature available that collates soil and geophysics for the Windsor-Essex County

soils. The only available magnetic study on soil was done by Shi and Cioppa (2006). Magnetically, the
soil in Windsor is dominated by the presence of multi domain grain size magnetite. SD and PSD grains
were also observed in some areas (Shi and Cioppa, 2006). Magnetic susceptibility varies from 3.7 x 10-6
SI to 305.2 x 10-6 (Shi and Cioppa, 2006) Fig 2.9.
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+

Slope = κ
Magnetizing Field H

Fig 2.1: Negative slope (Susceptibility) for diamagnetic material and positive slope for paramagnetic
material. (Modified after ref: Moskowitz, 1991)
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Remanent
Magnetization

Coercive
Force

Fig 2.2: Hysteresis loop defines magnetic behavior of a magnetic material.
Moskowitz, 1991)
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(Modified after ref:
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Fig 2.3: Formation and transformation of iron oxide minerals in soil (Bigham et al., 2002)
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Fig 2.4: AF Demagnetization curves, used to differentiate between soft and hard magnetic material.
Modified from Symons and Cioppa (2000)

Crossover Point

Fig 2.5: The cross over point at IRM less than half of saturation magnetization
indicates an interacting grain size
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Fig 2.6: Canadian Soil Classification based on soil horizons (https://www.soilsofcanada.ca/)
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Fig 2.7: Soil types in Windsor-Essex County are dominantly glysolic and luvisolic
(http://www.agr.gc.ca/atlas)
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a

b

Fig 2.8: a. South Cameron Woodlot (comparatively anthropologically unaltered) b. South Howard
Vineyard soils (http://www.agr.gc.ca/atlas)
)
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Fig 2.9: Magnetic Susceptibility map of Windsor (Shi &Cioppa, 2006)
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Table 2.1 Magnetic properties of magnetic minerals for identification and differentiation of magnetic
minerals present in soil. (Hunt, 1995; Dearing, 1996; Dunlop and Ozdemir, 2007)

Saturatio
n
magnetiz
ation
(Am2/kg)

Coercivity
mT

Ordering/
Curie
Temp
Celcius

Mineral

Type of
Magnetization

Chemical
Formula

SD Size
μm

mass
susceptibility
10-8 m3 kg-1

Magnetite

Ferrimagnetic

Fe3O4

0.1

5 x 104

90-93

5-80

578

Hematite

Weekly
ferromagnetic

αFe2O3

15

60

0.4

100-500

680

Maghemite

ferrimagnet

γFe2O3

0.2

4 x 104

74

Goethite

Weekly
ferromagnetic

αFeOOH

70.00

1x10-3

1000

120

Ferrihydrite

speromagnet

5Fe2O3.9H
2O

Lepidocrocite

Ferrimagnetic

FeOOH

Pyrrhotite

Ferrimagnetic

Fe7S8

5 x 103

17

8-100

320

Greigite

Ferrimagnetic

Fe3S4

10 x 104

30

15-40

330

Lepidocrocite

Antiferromagnet

γFeOOH

645

70

1

-196.00
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Table 2.2 Characteristics of Soil Horizons (Bigham et al., 2002)
Horizon

suffices

A
(Mineral horizon at
near surface)

Ah

Description
Accumulation of soil organic
matter
Removal of clay, some Iron or
Aluminium
Accumulation of soil organic
matter
Accumulation of Iron and/or
Aluminium
Presence of slickensides
Vertic horizon caused by turbation
of material in clay
Accumulation of clay
Strong soil structure & Sodium
accumulation
Mottling & gleying due to water
saturation

Ae
Bh
Bf

B
(Horizon formed by
accumulation of
material removed
from Ae or alteration
of parent material)

Bss
Bv
Bt
Bn
Bg

Slight colour and structural change
from parent material

Bm

Accumulation of Ca & Mg
Carbonates
Accumulation of soluble salts
Presence of original Ca & Mg
Carbonates
Presence of slickensides
Mottling & gleying due t water
saturation

Cca
C
(Horizon with little
evidence of
pedogenic activity)

cs
Ck
Css
Cg

R

Consolidated Bedrock

W

Water Layer
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CHAPTER 3
METHODOLOGIES
This chapter describes the methods including sample preparation, field and laboratory design,
and instruments used to achieve the objectives of the research.
In order to isolate the magnetic signature of FeHEDTA using susceptibility and remanence parameters,
the following steps were followed:
a) Identification of a medium/material that is chemically inert with magnetically insignificant
properties. FeHEDTA is commercially available in liquid form and cannot be used for magnetic
analysis. Therefore, a solid/powder is needed to make the FeHEDTA samples usable.
b) Preparation of samples containing FeHEDTA in varying concentrations that can be used for
magnetic analysis.
c) Identification of the optimum FeHEDTA concentration that can be used for magnetic analysis.
d) Characterization the magnetic signature of FeHEDTA samples through susceptibility and
remanence analysis.
In order to determine if FeHEDTA has an effect on the magnetic properties of soils, the following steps
were followed:
a) Identification and characterization of the magnetic characteristics of specific soil types from the
Windsor-Essex region, using the same magnetic properties as used in the first part of the study.
b) Introduction of FeHEDTA into the soil samples, and remeasurement of the magnetic properties;
and
c) Comparison of the results from the untreated and FeHEDTA- treated soil samples.

3.1 Preparation of Control Samples
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The FeHEDTA-based herbicide of interest in this research (Weed B Gon®) is a dark red/brown
coloured liquid that contains 4% by weight iron in form of FeHEDTA. In subsequent experiments,
FeHEDTA treatment implies treatment of samples with Weed B Gon®. Magnetic analysis of the
FeHEDTA could not be done in liquid form and a medium (solid or powder form) was needed to make
FeHEDTA samples usable in magnetic analysis. Gypsum powder was identified as a suitable medium to
make FeHEDTA samples for magnetic analysis. Gypsum is a chemically inert powder. Its magnetic
susceptibility was measured using a Bartington MS2 dual frequency susceptibility meter and results
showed an insignificant diamagnetism (Table 3.1) with magnetic susceptibility value of – 1-2 x 10-6 SI
unit. Some experimentation (varying amounts of Weed B Gon® and gypsum) was required to reach the
final ratio of gypsum powder and FeHEDTA to make the samples suitable for magnetic analysis.
3.1.1 Treatment of Control Samples with FeDHTA
Replicates of five different mixtures (10 ml, 15 ml, 18 ml, 20 ml and 25 ml of FeHEDTA in 50
grams of gypsum powder), corresponding to 16%, 23%, 26%, 28% and 33% respective weight of
FeHEDTA in samples) were prepared and evaluated, along with a control sample of gypsum powder
without FeHEDTA. These samples followed the naming scheme: xWBGy where x indicates the amount
of Weed B Gon in ml in 50 g of powdered gypsum and y indicates the sample replicate. Thus 18WBG6
has 18 ml of Weed B Gon per 50 g of powder, and is the sixth replicate of that mixture. Following the
mixing and overnight drying of the samples with varying concentrations, the samples were crushed and
placed into 10 cc plastic containers (Fig 3.1).
3.2 Field Studies and Collection of Soil Samples
Two field locations (South Cameron woodlot and South Howard vineyard) were selected on the
basis of accessibility and most prominent soil types of Windsor-Essex County (section 2.5). The South
Cameron woodlot was selected because soil on this site is gleysolic (representing the most prominent
soil type in Windsor) and has experienced minimal anthropogenic impact. The South Howard vineyard
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had both luvisolic characteristics and gleysolic sections, with agricultural effects present
(http://sis.agr.gc.ca/cansis/nsdb/slc/index.html).
Soil cores were collected from these two locations in the form of vertical cores (Fig 3.2) of
approximate length of 20 to 30 cm. A hand soil auger was used to extract the soil cores (Fig 3.3). The
naming scheme used for field soil sample profiles was 0x-0y where x is the field site number (South
Cameron Woodlot is 01 while 02 and 03 are sites in South Howard Vineyard) and y is the soil profile
core. Thus, profile 03-06 is taken from South Howard Vineyard and is the 6th soil profile core. Seven
cores were collected from the South Cameron Woodlot and twelve cores were taken from the South
Howard Vineyard. The soil cores were studied for physical properties and characteristics and are
described in section 4.1.
3.2.1 Soil Sample Preparation for Laboratory Analysis
Several different methods of sample preparation were tried in order to determine the most
favorable form of sample for magnetic analysis. In this process, soil profiles 01-01 and 02-01 were used.
Finally, the remaining cores of soil profiles were cut in 2 cm sections (Fig 3.4), crushed and transferred
to 10 cc plastic containers (Fig 3.5).
3.2.2 Preparation of FeHEDTA-treated Soil Samples
The initial experiments were used to determine that the quantity of FeHEDTA used for treating
soil samples was 2 ml. This quantity of FeHEDTA was decided to maintain an approximate percentage
of FeHEDTA to be 26% by weight in the mixture of soil and FeHEDTA (Section 4.2.1). The average
weight of the samples varied from 6.5 gms to 10 gms before FeHEDTA treatment. 2ml FeHEDTA was
added drop by drop to soil samples in 10 cc containers with 1 ml dropper. The treated samples were left
for overnight drying at room temperature before their magnetic analysis was carried out.
3.3 Magnetic Analysis

31

3.3.1 Instrumentation and Measurements
The University of Windsor’s Rock and Paleomagnetic Laboratories contain a number of
instruments that were used in this study:

Bartington MS2 Duel Frequency Susceptibility Meter

(susceptibility; Fig 3.6), 2G Cryogenic Magnetometer (all remanence measurements, Fig 3.7), Sapphire
Instruments AF demagnetizer for ARM measurements (Fig 3.8) and Sapphire Instruments impulse
magnetizer (IRM, SIRM, S-ratio).
All samples were analyzed for their susceptibility and χfd

using the Bartington MS2

Susceptibility meter with low frequency of 465 Hz and high frequency of 4650 Hz. These are the
standard

frequencies

used

in

the

Bartington

MS2

Susceptibility

(https://www.bartington.com/wpcontent/uploads/pdfs/datasheets/MS2_MS3_DS0020.pdf).

meter
The

Bartington MS2 Susceptibility meter measures the sample volume susceptibility in SI units. The volume
susceptibility was converted to mass susceptibility (required to compare some results with available
literature) by dividing the volume susceptibility by sample density. Mass susceptibility was of the order
of 10-8 with a unit of kg-1m3.
The Sapphire Instruments AF demagnetizer and 2G cryogenic magnetometer were used for
ARM and pARM analysis of few representative samples (Section 2.1.3). For ARM analysis, a constant
DC bias field of 0.05mT was applied along with an alternating field (AF) of 120 mT using the AF
demagnetizer ( Section 2.1.3). Once the sample was treated in the AF demagnetizer, the acquired
remanence was measured in the cryogenic magnetometer (magnetization measured in A/m and
converted in mass magnetization Am2kg-1 whenever needed to compare results available in literature).
For pARM analysis, the DC field was switched on only for a 10 mT range of AF at a time. For example,
for any given sample, the DC field was turned on for AF range of 1 to 10 mT. The acquired remanence
was measured with the cryogenic magnetometer. Next, the DC field was turned on for AF range of 10 to
20 mT and the acquired remanence was measured. These steps were repeated for AF range 20 to 30 mT,
30 to 40 mT.....90 to 100mT.
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To further supplement the magnetic analysis, an impulse magnetizer was used for isothermal
remanence magnetization (IRM) analysis. The sample was subjected to an impulse of magnetizing field
starting with 10 mT and measured for its remanence. The intensity of magnetization field was increased
(20 mT, 30 mT etc. ) and remeasured each time untill a saturation magnetization was reached in the
sample or up to the maximum value of 1000 mT. The Variable Field Transition Balance (VFTB) at
Institute of Rock Magnetism, University of Minnesota, was used to generate hysteresis curves for some
representative samples.
3.3.2 FeHEDTA Control Samples
All the control samples were analysed for low field and high field magnetic susceptibility on the
Bartington MS2; however, the results were found to be consistent ( Section 4.2.1) only for samples that
had FeHEDTA concentrations ( volume-mass ratio) of 18 ml in 50 gms or higher (approximately 26% of
total weight of the mixture). That is why only those samples that had FeHEDTA > 18 ml were further
analysed and their remanence properties measured.
3.3.3 Magnetic Analysis of Untreated and FeHEDTA Treated Soil Samples
Magnetic analysis of the natural soil samples was performed, followed by FeHEDTA treatment,
followed by magnetic analysis of the treated samples. It proved necessary to run numerous experiments
and measurements and analysis to define the best suited and efficient routine as once samples underwent
magnetization treatment, it was difficult to perform magnetic cleaning on the samples at the magnetic
laboratory of University of Windsor. For the purpose of defining the routine, soil profiles 01-01,02-01,
02-02, 02-03, 02-04, 02-05 and 01-04 were utilized.
South Cameron Woodlot Samples The magnetic susceptibility of subsamples from soil profiles 01-02,
01-03, 01-04, 01-05, 01-06 and 01-07 were measured. Profiles 01-02, 01-04, 01-05, and 01-06 and 0107 were also measured for frequency dependent analysis. All samples from profiles 01-02, 01-04, and
01-06 were then treated with 2 ml FeHEDTA. This quantity was used to maintain the volume-mass
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ratio greater or equal to 18/50 ml/gm of FeHEDTA in the sample (Section 4.2.1). The treated samples
were then measured for susceptibility. The magnetic susceptibility profiles of untreated and treated soil
profiles were compared to see the effect of FeHEDTA on the susceptibility profiles.
Representative samples of three horizons/layers (topsoil, subsoil and deepest soil of the core
sample) from two additional profiles (01-03 and 01-04) were subjected to detailed magnetic analysis
(pARM and IRM) to understand the magnetic mineralogy of soil from the South Cameron woodlot
(gleysolic). Representative samples from profiles 01-03 were treated with FeHEDTA and subjected to
the same magnetic treatments. The magnetic analysis results for untreated samples and treated samples
were compared to evaluate the effect of FeHEDTA on soil samples at this location.
South Howard Vineyard Samples Instrumentation issues, combined with a global helium shortage led
us to shut down the magnetometer at the University of Windsor and limited the measurements in this set
of samples. The magnetic susceptibility of subsamples from both the gleysolic soil profiles (03-01, 0302, 03-03, 03-04 and 03-05) and luvisolic (03-06, 03-07, 03-08 and 03-09) were measured. Profiles 0301, 03-03 and 03-04 from the gleysolic group were treated with FeHEDTA and the pre-treatment and
post-treatment susceptibility results were compared. Similarly, profiles from the luvisolic group 03-07
and 03-09 were treated with FeHEDTA and the susceptibility results were compared.
3.4 Data Analysis
The data collected from instruments was processed in Microsoft Excel and related graphs were
generated. Microsoft Excel was also used to calculate appropriate statistics, such as mean and standard
deviation. Where a sufficient number of samples were measured, the Student’s T-test was used to
compare the untreated and treated measurements.
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Fig 3.1: Control samples of a. Pure gypsum powder, b. 10ml FeHEDTA c. 15 ml FeHEDTA ,
d. 18 ml FeHEDTA, e. 20 ml FeHEDTA, f. 25 ml FeHEDTA (all in 50 gms of gypsum
powder).
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Fig 3.2: Field samples collected as vertical cores with an average length of 20 to 30 cms.
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Fig 3.3: Soil hand auger, used to collect the soil cores.
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Fig 3.4: Laboratory subsampling of soil cores. The vertical cores were cut into 2 cm sections.

Fig 3.5: Laboratory preparation of soil samples for magnetic analysis. The cut sections (2 cm) were
transferred to 10 cc plastic containers (magnetic instruments in the University of Windsor’s Rock and
Paleomagnetic Laboratory measures samples in standard 10 cc plastic containers)
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Fig 3.6: Bartington Dual Frequency Susceptibility Meter used for magnetic susceptibility analysis and
for determination of the presence of SP grains in samples.
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Fig 3.7: 2G Cryogenic Magnetometer to measure remanent magnetizations.
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Fig 3.8: Sapphire Instruments SI-4 AF Demagnetizer, with ARM attachment, used for pARM and ARM
analysis.
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CHAPTER 4
OBSERVATIONS AND RESULTS
4.1 Physical Characteristics of Samples
This study examined three sets of samples: 1) gypsum control samples (with and without
FeHEDTA treatment, Section 3.1); 2) gleysolic samples from South Cameron woodlot with and without
FeHEDTA treatment (Section 3.2) and 3) gleysolic and luvisolic samples from South Howard vineyard
with and without FeHEDTA treatment (Section 3.3).
The control samples started as white gypsum powder, and physical changes were observed as
FeHEDTA was added. Samples with 10 ml, 15 ml, 18 ml, 20 ml and 25 ml FeHEDTA in 50 gms of
gypsum powder were rusty-red in colour. Samples with 20 ml and less FeHEDTA, stayed in powder
form but the 25ml sample solidified and needed to be crushed to make into samples for analysis (Fig
4.1). As would be expected, the intensity of the colour increased with higher concentrations of
FeHEDTA.
The profiles from the South Cameron woodlot typically showed a dark grey A horizon overlying
a light grey B-horizon with light and dark brown mottles (Fig 4.2). Their physical appearance suggests
they are gleysolic soils (https://soilsofcanada.ca, Richards 1989). The profiles ranged in length from 30
to 40 cm. According to the Soil Survey of Essex County (Richards et al., 1949) these cores are from the
Brookston clay.
At the South Howard Vineyard site, 03-01,03-02, 03-03, 03-04, 03-05 had gleysolic soils similar
to those seen at the South Cameron site, while the soil profiles 03-06, 03-07, 03-08 and 03-09 are
luvisolic soils (https://soilsofcanada.ca, Richards et al., 1949). A noticeable textural difference is
observed between the A-horizon and the B-horizon in profiles 03-06, 03-07, 03-08 and 03-09, indicating
removal of clay from the A-horizon (eluvial horizon) and deposition of clay mineral in the B-horizon
(Fig 4.3). The profiles ranged in length from 25 to 40 cm. According to the Soil Survey of Essex
County (Richards et al., 1949) these cores are from the Brookston clay and the Burford loam (shallow
phase).
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4.2 Magnetic Analysis of Control Samples and FeHEDTA Treated Control Samples
4.2.1 Susceptibility Measurements
Results of the low frequency magnetic susceptibility measurements (FeHEDTA volume: mass
ratio > 18ml/50g, or approximate weight% > 26% ) are given in Table 4.1. The control sample (pure
gypsum) showed diamagnetic susceptibility similar to that of water (χ = -9 x 10-6 SI). The susceptibility
results for the lower FeHEDTA concentration control samples (10 ml/50 gms and 15 ml/50 gms) had a
wide range of values varying from diamagnetic to paramagnetic susceptibility values. Samples with
volume higher than 18 ml WBG/50 gms gypsum had less dispersion, with susceptibility values of the
order of 10-6-10-5 SI. Samples with higher FeHEDTA volume: mass ratio greater than 18/50, were
further analyzed for frequency dependence of susceptibility (fd) (Table 4.2). Exceptionally high values
of fd (>20%) were observed in 16 out of 18 samples.
4.2.2 Remanence Magnetization Measurements
Given the above results for samples with FeHEDTA concentration of >26% ,

remanence

analysis was limited to samples with non-diamagnetic signatures as all the magnetic instruments are
calibrated for non-diamagnetic material. In order to further identify the contributions of various sizes of
ferrimagnetic grains to the overall remanence, pARM (partial anhysteretic remanence magnetization)
analysis of two control samples was conducted (Fig 4.4). In both samples, the largest ARM contribution
(maximum intensity of magnetization) occurred in a very narrow band of coercivities (60 to 80 mT).
IRM analysis was carried out on one sample to determine if the remanence was carried in low
coercivity or high coercivity magnetic minerals (Fig 4.5). The curve rises steeply initially, and then a
slope change occurs at ~ 300mT. Saturation is not achieved by 300mT, indicating a contribution from
both high and low coercive magnetic minerals. A magnetic hysteresis curve was measured for 18WBG
(Fig 4.6) and the shape of the hysteresis curve is wasp-waisted.

4.3 Magnetic Measurements of Soil Samples
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4.3.1 South Cameron Woodlot – Untreated Samples
Seven profiles (01-01, 01-02, 01-03, 01-04, 01-05, 01-06 and 01-07) were collected from this
site. All of the susceptibility profiles (Fig 4.7) showed decreasing magnetic susceptibility with depth.
Three distinct susceptibility horizons could be identified, based on the shape of the profiles. The
susceptibility value for the topsoil (Horizon I) profiles varies from 30 x10-8 m3Kg-1 to 60 x10-8 m3Kg-1.
Midsoil (Horizon II) had susceptibility values varying from 10 x10-8 m3Kg-1 to 30 x10-8 m3Kg-1. The
deepest subsoil (Horizon III) of the cores (at approximate depth of 25-35 cm) has the lowest
susceptibilities (5 x10-8 m3Kg-1 to 15 x10-8 m3Kg-1). Measurements of low frequency and high frequency
susceptibility (fd) show low values of less than 7% (Fig 4.8).
pARM coercivity spectral analysis was completed for samples from profiles 01-03 and 01-04. In
profile 01-03, three samples from Horizon 1 (01-03-04, 01-03-05 and 01-03-07) that had high magnetic
susceptibilities (Ƙ >20 E-05 SI) had maximum ARM contributions (5- 4 E-06 A/m) from the lower field
intervals (< 30 mT) and relatively high values of ARM (Fig 4.9), indicating presence of magnetic
minerals of MD and a small fraction of SD magnetite grain (Liu et al, 2005). Samples 01-03-11 (Ƙ = 5 E05 SI) and 01-03-16 (Ƙ = 11 E-05 SI) were taken from depths of 22 cm and 32 cm respectively (Horizon
III) in their soil profile. The pARM spectra of 01-03-11 showed a lower maximum value of ARM (5 E07 A/m) with the maximum contribution from field intervals of 30-50 mT, an indication of SD grains
(Liu et al, 2005). Sample 01-03-16 is a low susceptibility (Ƙ = 11 E-05 SI) sample with a spike at 30-40
mT field interval (Fig 4.10). This might have been caused by the presence of a magnetic mineral mottle
or fragment in the sample. In profile 01-04, sample from Horizon 1, 01-04-04 has ARM contribution
from low field interval (0-20 mT), possibly due to presence of MD grains. Samples from greater depths,
01-04-06, 01-04-08 and 01-04-11, have ARM contribution from 10 to 20 mT field interval (Fig 4.11;
possible due to presence of a mixture of MD and SD grain).
The IRM acquisition curves for samples 01-03-11 and 01-03-12 (Fig 4.12) do not show complete
saturation by 300 mT, suggesting some component of high coercivity material is present in the samples.
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Both IRM acquisition and demagnetization curves were generated for samples from profile 01-04. The
topsoil samples 01-04-01 and 01-04-04 showed flattening of the acquisition curve above 300 mT,
indicating saturation and thus limited to no high coercivity material (Fig 4.13). A comparison of IRM
acquisition for samples from different depth is given in Fig 4.14. In the samples from greater depths, the
magnetization is achieved slowly with increasing magnetizing field as compared to the samples from
shallow depth. The crossover point of the IRM acquisition curve and demagnetization curves was at
less than 50% value of saturation magnetization indicating presence of a mixture of grains (Tauxe, 2010).
The diagnostic ratios are given in Fig 4.15 and 4.16. S-ratios vary from 0.9 to 0.8 from topsoil to
subsoil. Higher values of ARM and SIRM in the topsoil indicates the presence of magnetite. Further,
the S ratio and SIRM/X ratio indicates absence of magnetically hard mineral concentration but presence
of a fraction of coercive SD grains.
Hysteresis curves were generated for representative samples from profile 01-05 (01-05-02, 0105-07 and 01-05-14; Fig 4.17). The hysteresis curve for Horizons I and II have shapes typical of MD
grains of magnetite (Roy and Thompson, 1986) with saturation reached before 300 mT (Fig 4.17).
Meanwhile, sample 01-05-14, the hysteresis has an extreme paramagnetic drift (Paterson et al., 2018).
4.3.2 South Howard Vineyard – Untreated Samples
Magnetic susceptibility analysis was conducted on nine profiles from this site (03-01, 03-02, 0303, 03-04, 03-05, 03-06, 03-07, 03-08 and 03-09). The difference between the gleysolic (03-01, 03-02,
03-03, 03-04 and 03-05) and luvisolic (03-06, 03-07, 03-08 and 03-09) soils is evident from the
susceptibility profiles (Fig 4.18). The gleysolic profiles from the South Howard vineyard are similar to
the South Cameron woodlot profiles. The gleysolic topsoil has moderate susceptibility of 40 x10-8 m3kg1

to 80 x10-8 m3kg-1, while the midsoil layer is characterized by slightly lower susceptibility values of 35

x10-8 m3kg-1 to 65 x10-8 m3kg-1 and the subsoil (approximate depth of 20 cm to 32 cm) has susceptibility
varying from 10 x10-8 m3kg-1 to 30 x10-8 m3kg-1. However, the luvisolic profiles (03-06, 03-07, 03-08
and 03-09) do not have as strong a variation in susceptibility values from topsoil to subsoil. The
susceptibility values in the luvisolic profiles varies from 10 x10-8 m3kg-1 to 20 x10-8 m3kg-1.
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Low frequency and high frequency susceptibilities were measured for several of the profiles, the
fd calculated, and the results are shown in Figures 4.19 and 4.20. fd values from the gleysolic profiles
were less than 7%, indicating an absence of SP grains. fd calculated from the low frequency and high
frequency susceptibility analysis for the luvisolic profiles was >7% with the exception of several
samples from the midsoil where fd was < 7%.
4.3.3 FeHEDTA Treatment of Soil Samples
In order to determine the effect of FeHEDTA on the soils, multiple samples from soil profiles
01-02, 01-04, 01-06, 03-01, 03-03, 03-04, 03-07 and 03-09 were treated with FeHEDTA (see section 3.4
for procedure). Measurements of susceptibility and fd, as well as pARM coercivity analysis, IRM
acquisition and demagnetization spectra, and hysteresis loops from selected samples were compared
(Fig 4.21-4.25).
In all FeHEDTA treated soil profiles, decreases in susceptibility were observed; however, there
was some variation in this trend (Fig 4.21). In the gleysolic profiles (01-02, 01-04,01-06, 03-03, 03-04),
the change in fd after FeHEDTA treatment is small (Fig 4.22) indicating that no SP grains are formed as
a result of FeHEDTA treatment. However, in the luvisolic profiles (03-07 and 03-09), a decrease in the
average values of the susceptibility profiles was observed in topsoil and an increase in lf is observed for
subsoil, while unusually high fd values were seen post-treatment (Fig 4.23).
The initial pARM analysis compared two treated and two untreated samples from profile 01-03.
Samples 01-03-02 and 01-03-03 with similar susceptibilities (= 24 x10-5 SI and 31 x10-5 SI
respectively) were treated with FeHEDTA (2 ml) and showed a similar pattern to the untreated samples
01-03-04 and 01-03-05 after pARM measurements were conducted (Fig 4.24).
In order to provide a more direct comparison of pARM spectra, three samples from the South
Cameron woodlot profiles (01-03-07, 01-03-11, 01-03-16) had coercivity spectra measurements made
both before and after FeHEDTA treatment. In sample 01-03-07 (pre-treatment = 23 x 10-5 SI), the
pARM spectra remained the same after FeHEDTA treatment; however, the magnetization intensity of
46

the ARM was reduced slightly (Fig 4.25). Sample 01-03-11, which had an initial lower susceptibility
(= 5E-05 SI) showed somewhat different behavior (Fig 4.26). The pARM distribution before adding
FeHEDTA showed a spectram expected from a clay- rich soil, with overall low values of ARM intensity
and maximum ARM contribution from the higher field intervals (>30 mT; SD grains). After adding
FeHEDTA, the ARM intensity values significantly increased and the maximum contribution is from
lower field interval (10-20 mT) along with contributions from higher field (possible presence of mixture
of MD grains and SD grains). In sample 01-03-16, the maximum contribution towards ARM from the
untreated sample was from 30-40 mT. After FeHEDTA treatment, the maximum ARM value did not
change significantly but the maximum contributing field interval changed from 30-40 mT to 50-70 mT
(Fig 4.27).
The hysteresis results for FeHEDTA treated samples 01-06-02, 01-06-07 and 01-06-14 are given
in Fig 4.28. The topsoil and midsoil (Horizons I and II) samples are similar to the hysteresis curves of
untreated samples (01-05-02 and 01-05-07) while the hysteresis loop for sample 01-06-14 has a negative
slope after 200 mT field.
4.4 Statistical Treatment
In order to better compare the untreated and FeHEDTA-treated measurements, a Students`s Ttest was made on the magnetic susceptibility of: i. all soil samples combined; ii. all gleysolic samples; iii.
gleysolic topsoil and midsoil samples (Horizons I and II); iv gleysolic subsoil samples; v. all luvisolic
soil samples; vi luvisolic topsoil samples; and, vii luvisolic subsoil samples. The results are shown in
Table 4.3. Of the seven tests conducted, ii. iii, and vii showed significant differences with p < 0.04.
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Table 4.1 Magnetic Susceptibility Results of control samples with FeHEDTA concentration <26%
(Section 3.1.1)
Magnetic
Magnetic
Magnetic
Sample Susceptibility Sample Susceptibility Sample Susceptibility
(SI)
(SI)
(SI)
0WBG1
0WBG2

-2.15E-06
-3.62E-06

10WBG1
10WBG2

-1.05E-06
1.11E-06

15WBG1
15WBG2

-6.80E-07
1.29E-06

0WBG3

-2.76E-06

10WBG3

-1.00E-07

15WBG3

1.00E-06

0WBG4

-2.93E-06

10WBG4

-2.80E-07

15WBG4

-1.40E-07

0WBG5

-3.28E-06

10WBG5

9.00E-08

15WBG5

3.20E-06

0WBG6

-3.25E-06

10WBG6

-3.20E-07

15WBG6

-1.60E-06

Notes: 0WBG1 indicated zero FeHEDTA and the 1 indicates the first duplicate of the treatment

Table 4.2 Magnetic Susceptibility and fd for Control Samples with FeHEDTA Concentration >26% by
Weight

Sample
18WBG1
18WBG2
18WBG3
18WBG4
18WBG5
18WBG6
20WBG1
20WBG2
20WBG3
20WBG4
20WBG5
20WBG6
25WBG1
25WBG2
25WBG3
25WBG4
25WBG5
25WBG6

Sample
Wt.
(gm)
9.1
9.2
10.3
8.6
7.9
8.9
9.0
9.4
8.5
8.6
12.1
11.1
9.5
9.5
9.9
11.3
10.6
11

Sample Susceptibility
(x 10-5 SI units)
Low
High
Freq.
Freq.
1
1
1.3
0.9
1.1
1.1
1.1
0.7
1.2
0.9
1
0.8
0.3
0.2
0.2
0.1
0.3
0.2
0.4
0.3
0.6
0.4
0.2
0.1
1.7
0.8
1.3
0.7
2
0.6
1.3
1
1.2
0.8
1.4
0.8

Mass Susceptibility
(10-8 kg-1 m3)
Low
High
Freq.
Freq.
1.10
1.10
1.41
0.98
1.07
1.07
1.28
0.81
1.52
1.14
1.12
0.90
0.33
0.22
0.21
0.11
0.35
0.23
0.46
0.34
0.49
0.33
0.18
0.09
1.79
0.84
1.37
0.74
2.02
0.61
1.15
0.88
1.13
0.75
1.27
0.73
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Χfd%

0.0
30.8
0.0
36.4
25.0
20.0
33.3
50.0
33.3
25.0
33.3
50.0
52.9
46.2
70.0
23.1
33.3
42.9

Table 4.3 Statistical comparison of magnetic susceptibility changes before and after FeHEDTA
treatment
 (FeHEDTAtreated)
mean, std dev

Student’s t-test
p value

Set

# Samples

 (Untreated)
mean, std. dev.

All samples

109

26.7, 21.83

22.36, 14.34

0.08

All gleysolic
samples

72

33.69, 23.85

26.53, 15.99

0.04

Gleysolic
topsoil

42

46.46, 22.12

35.96, 13.83

0.01

Gleysolic
subsoil

30

16.11, 12.36

13.32, 6.80

0.28

All luvisolic
samples

37

13.08, 4.32

14.25, 3.19

0.19

Luvisolic
topsoil

20

15.77, 4.10

14.00, 2.79

0.12

Luvisolic
subsoil

17

9.92, 1.54

14.53, 3.66

0.0004
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A

C

B

Fig 4.1: Effect of different volume: mass ratios of FeHEDTA in gypsum powder in control samples.
Sample A is 0.36 ml/gm, sample B is 0.4 ml/gm and sample C is 0.5 ml/gm (Section 3.1). Note that a
higher concentration of FeHEDTA results in a darker reddish-brown hue.
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To

Fig 4.2: Representative soil profile from the South Cameron Woodlot. Top of profile is to the upper left.

b

a

Fig 4.3: Representative soil cores from the South Howard vineyard. a. Gleysolic b. Luvisolic
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Fig 4.4: pARM coervicity spectra of control samples 18WBG and 20WBG. The maximum
magnetization contribution comes at high applied field indicating absence of MD grains
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Fig 4.5: IRM acquisition spectra for 18WBG. Note that saturation is not reached at 1T indicating both
low and high coercivity grains
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Fig 4.6: Hysteresis loop for 18WBG.

54

Fig 4.7: Susceptibility as a function of depth for six South Cameron Woodlot profiles.
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Fig 4.8: Low frequency and high frequency susceptibility measurements from four untreated South
Cameron Woodlot profiles. Low value of fd indicates an absence of SP grains.

56

Fig 4.9: pARM analysis of samples from topsoil layer with high magnetic susceptibilities. Maximum
ARM contribution is from low applied field indicating MD and small portion SD grains.
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Fig 4.10: pARM analysis of samples from the deeper soil horizons (II and III) in core 01-03 from the
South Cameron woodlot. Samples had low magnetic susceptibilities. The maximum ARM contribution
is from higher applied fields, indicating presence of SD grains.
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Fig 4.11: pARM analysis for samples from profile 01-04.
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Fig 4.12: IRM analysis of a sample from the gleysolic profile 01-03.
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Fig 4.13a: IRM analysis of samples from topsoil of profile 01-04. Saturation is reached before 300 mT,
indicating presence of soft magnetic grains.
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Fig 4.13b: IRM analysis of samples from mid soil and subsoil of profile 01-04. Saturation is reached
before 300 mT, but unlike the topsoil sample, initial rate of acquiring magnetization is slow.
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Fig 4.14: A comparison of IRM curves for samples from different depths for profile 01-04
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Fig 4.15: ARM and SIRM plots for profile 01-04 (South Cameron Woodlot).
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Fig 4.16: Diagnostic ratios showing presence of single domain grains and absence of hard coercivity in
profile 01-04 (South Cameron Woodlot)
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Fig 4.17: Hysteresis curves for representative samples from different depths and susceptibilities for soil profile 01-05
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Fig 4.18: Susceptibility profile for South Howard vineyard. Gleysolic samples can easily be
differentiated from luvisolic samples.
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Fig 4.19: Low frequency and high frequency susceptibility for a gleysolic profile from the South
Howard vineyard site, indicating absence of SP grains.
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Fig 4.20: Low frequency and high frequency susceptibility for luvisolic profiles from the South Howard
vineyard site, indicating presence of SP grains.
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Fig 4.21: Susceptibilty values in soil profiles from South Cameron woodlot before (sample) and (WBG)
after FeHEDTA treatment
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Fig 4.22: High and low frequency susceptibility profiles for gleysolic soil profiles from South Cameron
woodlot and South Howard Vineyard, showing low fd.
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Fig 4.23: High and low frequency susceptibility profiles for luvisolic soil profiles from South Howard
Vineyard showing high fd
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A

B

Fig 4.24: pARM spectra of an A. untreated sample, and B. FeHEDTA-treated sample from the South
Cameron woodlot site. The maximum ARM contribution of both the untreated and the FeHEDTAtreated sample are from similar (low) coercivities.
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Fig 4.25: Comparison of pARM analysis of untreated and FeHEDTA-treated sample 01-03-07 (initial
high susceptibility value). There is no significant change in the pARM pattern.

Fig 4.26: Comparison of pARM analysis of untreated and FeHEDTA-treated sample 01-03-11 (initial
low susceptibility value). There is a distinct change in the spectra, consistent with a slightly smaller
grain size.
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Fig 4.27: Comparison of pARM analysis of untreated and FeHEDTA- treated sample 01-03-11 (initial
low susceptibility value).

75

Fig 4.28: Hysteresis curves for FeHEDTA treated representative samples from profile 01-06
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
5.1 Identification of FeHEDTA Magnetic Signature
The initial objective of this research was to identify if FeHEDTA (in the product Weed B Gon® )
produced a measurable magnetic signature. Given that Weed B Gon® (FeHEDTA) is a sprayable liquid,
it was necessary to use a non-magnetic substance as a medium to produce a solid substance that could be
used for magnetic measurements. The medium of choice was gypsum powder, which has been used as
an inert stabilizer in a number of paleomagnetic and rock magnetic studies within the UWindsor
laboratories, and is diamagnetic.
Several different magnetic techniques were used to assess whether FeHEDTA had a measurable
magnetic signature, including susceptibility, isothermal and anhysteretic remanence analysis, and
hysteresis parameters. The susceptibility measurements were made on samples with different
concentrations (given in volume (ml): mass (g) ratios) of FeHEDTA in gypsum powder (Section 4.1).
Analysis of volume and mass susceptibility results for different amounts of FeHEDTA in 50g of gypsum
showed that the samples with volume:mass rations of < 18:50 (or ~26% by wt FeHEDTA) had highly
variable susceptibilities (Table 4.1 and 4.2) with 17 out of 20 samples showing diamagnetic
susceptibilities. Therefore, samples with FeHEDTA concentrations of less than 26% were not
considered viable for further magnetic analysis. Samples with FeHEDTA concentration of more than
26% showed magnetic susceptibilities on the order of 10-6-10-5 SI. While low, this range of susceptibility
values is of the order of some soil types and magnetic minerals (Maher, 1986; Jordanova, 2016).
The second parameter assessed was fd, which is used as a measure of contribution from
superparamagnetic grains (Thompson & Oldfield, 1986; Evan s& Heller, 2003; Section 2.1.3). The
values for 16 samples (out of 18) were exceptionally high (>20%) as compared to the observed fd
values (11 to 15 %) of soil minerals that are available in literature (Oldfield et al., 1985; Hunt, 1986;
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Jordanova, 2016) . One possible explanation for these exceptionally high values of fd could be the
presence of metallic iron crystals (Dearing et al., 1996) in the FeHEDTA samples.
The samples with high concentrations of FeHEDTA were further analyzed for anhysteretic and
isothermal remanences. The pARM analysis of two FeHEDTA samples was performed (Section 3.3.1,
4.1.2 and Fig 4.5), and their spectra compared to those characteristic of different magnetic minerals (Liu
et al., 2005). In both of the samples, the maximum anhysteretic remanence intensity was achieved at
high magnetizing field intervals (60-80 mT). This indicates that the dominant contributor towards the
magnetization in the FeHEDTA samples is from single domain and/or high coercive mineral grains (Liu
et al., 2005).
In IRM acquisition and demagnetization analysis (Section 3.3.1) of a single sample (18WBG), most
of the magnetization was acquired at fields of < 300mT, which suggests the presence of “soft” magnetic
minerals such as magnetite or pyrrhotite. However, while the acquisition curve flattens above 300 mT, a
magnetization is still being acquired and does not reach saturation at 1T. This could be caused by the
presence of a small fraction of “hard” magnetic minerals such as hematite or goethite.
A hysteresis curve for 18WBG was generated in the VFBT at the Institute of Rock Magnetism,
Minnesota. The curve was wasp-waisted, which is characteristic of assemblage of superparamagnetic
and SD grains (Roberts et al.,1995; Evans and Heller, 2005), which further supports previous magnetic
results that the magnetic mineralogy in the FeHEDTA samples consists of predominantly soft magnetic
minerals (e.g. magnetite) of single domain and superparamagnetic grain sizes along with a small
percentage of harder magnetic minerals (e.g. hematite or goethite).

.

5.2 Identification of the Effects of FeHEDTA on Soils
The second objective was to determine if the application of FeHEDTA resulted in a measurable
effect on the magnetic properties of two soil types: gleysolic soils from the South Cameron woodlot and
South Howard vineyard sites, and luvisolic samples from the South Howard site. The soil samples from
cores from two of the field sites were collected, processed and analyzed for their magnetic signatures.
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Some representative samples from these profiles were then treated with FeHEDTA (Section 3.2.1) then
studied for effect of FeHEDTA on their magnetic properties.
5.2.1. Magnetic Properties of Untreated Soils
The soil profiles from South Cameron woodlot were classified as gleysolic (Section 2.3), based on
both their physical characteristics and the current Soils of Canada map (http://www.agr.gc.ca/atlas/soil).
In all of the profiles from this site, the magnetic susceptibility lf decreased with depth (Fig 4.8),
indicating an enhanced topsoil, likely with a decrease in magnetite concentration with depth (Section
4.2.1). This pattern is similar to soil profiles worldwide (Mullin, 1977; Maher, 1986; Jordanova, 2016).
Based on these results, the soil profiles were divided into three sections: topsoil, midsoil and subsoil
(Horizons I, II and III).
The sample susceptibility values from all profiles, which ranged from -5 - 60 x10-8 m3Kg-1, were
comparable to soils that have a mixture of magnetic minerals, but are dominated by magnetite with
multidomain and single domain grain sizes (Shi and Cioppa, 2006, Jordanova, 2016). fd values were
calculated for all samples, and all values were < 7, suggesting little to no pseudo-single-domain and
superparamagnetic grains were present (Section 2.1.3).
The pARM spectras of samples from the South Cameron woodlot gleysolic profiles are can be
grouped by soil depth (Fig 4.9, 4.10 and 4.11). In samples from the topsoil and midsoil (Horizons I and
II), the maximum ARM contribution occurs at lower applied DC fields (< 30 mT), while in samples
from Horizon III (subsoil), the maximum ARM contribution is seen at slightly higher applied DC fields
(30-50 mT). As pARM spectra variations are driven by variations in magnetite grain size, this likely
indicates the presence of coarser magnetite grains in the topsoil and midsoil (multidomain and possibly
pseudo-single domain magnetite). In the subsoil, there appears to be slightly finer grains e.g. single
domain magnetite. The presence of superfine (superparamagnetic) grains is unlikely, due to the results
of the fd analysis.
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Isothermal remanance magnetization analysis was carried out on representative samples from these
profiles. In the samples from the topsoil and midsoil (Horizons I and II; depth up to 20 cms), the
saturation magnetization is reached before 300 mT, which is characteristic of soft magnetic minerals e.g.
magnetite and pyrrhotite. In the deeper Horizon III samples (>20 cms), the saturation magnetization is
decreased and the saturation curve starts flattening at 300 mT but does not reach saturation at 1000 mT.
The IRM results are consistent with those of the pARM analysis, indicating that the magnetic
characteristics in the gleysolic Horizons I and II are due to relatively coarse grains of a low coercivity
magnetic mineral (likely magnetite), while the subsoil (Horizon III) contains more high coercivity
magnetic minerals (hematite or goethite) or single-domain grains of magnetite.
Results from the measurements of two other magnetic parameters (SIRM/ and S-ratio) further
support the above interpretation. The S-ratio value of >0.9 for top soil and mid soil indicates soft
magnetic concentration, while a value between 0.8 and 0.9 from deeper depths is indicative of presence
of either single-domain grains of magnetite or contribution of high coercivity minerals (Roy and
Thompson, 1986; Evans and Heller, 2003). The low SIRM and ARM values for the subsoil rules out the
presence of high concentrations of magnetite.
The hysteresis curves for samples (01-05-02, 01-05-07) from shallow depths (4 cm and 14 cm,
Fig 4.18) are the typical shape of MD grains of magnetite (Roy and Thompson, 1986) with saturation
reached before 300 mT is applied (Fig 4.17). This again suggests the presence of magnetite multidomain
grains in the topsoil and midsoil. The sample from greater depth (28 cms) does not follow the standard
hysteresis curve after 200 mT, possibly caused by presence of strong paramagnetic grains resulting in
paramagnetic drift (Paterson et al., 2018)
The profiles collected from the South Howard vineyard site were intended to represent both
gleysolic and luvisolic soils. The susceptibility profiles for the first set of soil profiles were similar to the
gleysolic susceptibility profiles of the South Cameron woodlot. fd values were < 7% indicating an
absence of superparamagnetic grains (Dearing et al., 1996). The second set of soil profiles from the
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South Howard vineyard were classified as luvisolic, based on their physical appearance (Richards et al.,
1949; Jordanova, 2016; pers. comm. B. VandenBygaart, Soil Scientist, Science and Technology Branch,
Agriculture and Agri-Food Canada/ Government of Canada).

In these samples, the magnetic

susceptibility values were significantly lower than the gleysolic samples with a lower variation in
susceptibility values with increasing depths. These results suggest lesser magnetic mineral
concentrations in these soil profiles. Further, fd values >7% showed the presence of finer grains. This is
possibly due to presence of clay mineral grains in the luvisolic profiles which is in agreement with the
definition of luvisolic soils in the literature (Section 2.2).
5.2.2 Magnetic Properties of FeHEDTA-treated Soils
After measurement of the magnetic properties of soil samples, a number of these samples (primarily
from the South Cameron woodlot site) were treated with FeHEDTA and the magnetic properties were
re-measured. Susceptibility analysis and pARM analysis proved to be diagnostic in studying the effect
of FeHEDTA on soil samples.
5.2.3 Comparison of Untreated and FeHEDTA-treated Soils
In gleysolic profiles from the South Cameron woodlot, the susceptibility value of FeHEDTA treated
samples was reduced by an average of 15%, when compared to the soil samples pre-treatment (Fig 4.21).
There is a significant difference between the untreated and FeHEDTA-treated measurements (p <0.05;
Table 4.3). This reduction in susceptibility values was most obvious in the topsoil and midsoil (Horizons
I and II), wherein the susceptibility was reduced between 5 to 30 percent, and the reduction was
statisticically significant (p <.01). However, in the subsoil, (Horizon III), the susceptibility values of
FeHEDTA treated samples were generally comparable to untreated soil samples with a <5% decrease
observed, and the variation was not statistically significant (p = 0.28; Table 4.5). In the gleysolic
profiles from the South Howard vineyard, the difference in susceptibility of the untreated soil profiles
and the FeHEDTA treated soil profile was also apparent. The reduction in susceptibility value was
>15% in all horizons.
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In the luvisolic profiles (Fig 4.23) when all samples of the untreated and FeHEDTA-treated samples
were compared, a slight increase in susceptibility was observed, but this increase was not significant
(p=0.19; Table 4.5). When the soils were subdivided by horizon, a decrease in susceptibility similar to
that seen in the gleysolic topsoil was observed in the top soil, however it was not significant (p =0.12).
In the subsoil, there was a significant increase in susceptibility values (p = 0.01, Table 4.3).
This decrease in susceptibility within the topsoil and midsoil in the gleysolic soils can be explained
in several possible ways. First, if large grains (>100μm; Dearing et al., 1996) of magnetite were formed,
the internal demagnetizing effect could be significant enough to reduce the susceptibility values
(O’Reilly, 1984; Tauxe, 2010). Second, there could be a decrease in overall grain size within the stable
SD range and MD range. Third, the overall concentration of higher susceptibility magnetic minerals
(magnetite, maghemite) is reduced. These competing ideas on the changes in grain sizes in the gleysolic
soils can be tested by comparing the pARM data. An increase in magnetic mineral grain size should
result in the maximum ARM contribution occurring at lower coercivities, while a decrease should result
in the maximum ARM contribution occurring at higher coercivities. If no change were observed, it is
most likely that the overall concentration was reduced.
The pARM analysis was performed on FeHEDTA-treated samples of the 01-03 profile. The treated
samples from the gleysolic topsoil, 01-03-02, 01-03-03 and 01-03-07 (with high magnetic
susceptibilities) did not show any difference in their pARM spectra when compared to corresponding
pARM spectra of untreated samples (01-03-04 and 01-03-05, 01-03-07) from the topsoil (Fig 4.9;4.24;
4.25; section 4.2.3). However, the pARM spectrum of untreated 01-03-11 (low magnetic susceptibility)
indicates the presence of single-domain magnetite grains. After FeHEDTA treatment, the pARM
spectrum of 01-03-11 showed presence of multidomain grains with some ARM contribution from
single-domain grains. This would support the idea of either no change in magnetic mineral grain size –
corresponding to an increase in concentration of Fe, or a slight increase in magnetic mineral grain size.
We note that no pARM data was collected for the luvisolic soils due to equipment problems.
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A significant change in mineralogy of sample 01-03-16 (= 11 x 10-5 SI) is also observed in the
pARM spectra of FeHEDTA treated and untreated samples. 01-03-16 was expected to have lower
susceptibility than 01-03-11 (shallower sample). But the high susceptibility value and most of the ARM
contribution from single field interval (30-40 mT; Fig 4.27) indicates the presence of a magnetic mottle
or fragment with dominantly single domain grain size (Liu et al., 2005).
After treatment with FeHEDTA, the fd susceptibility values within gleysolic soil are decreased by
<15%. In the luvisolic profiles, the fd susceptibility values increased by >20% in Horizons II and III. In
literature, the observed maximum value for fd in soil minerals is 15 (Dearing et al., 1996), and we
attribute these very high values to the treatment. Among several possible causes, the most likely is the
generation of crystallized metal iron due to the high concentrations of FeHEDTA applied to relatively
initially low-iron luvisolic soils.
Hysteresis curves were generated at the Institute for Rock Magnetism for FeHEDTA treated
samples 01-06-02, 01-06-07 and 01-06-14 (respective depth of 4 cm, 14 cm and 28 cm) from profile 0106. The soil profile 01-06 had similar physical and magnetic characteristics as profile 01-05 before it
was treated with FeHEDTA. The hysteresis curves of untreated samples (01-05-02, 01-05-07 and 01-0514; Fig 4.17) were compared to the hysteresis curve of FeHEDTA treated samples (01-06-02, 01-06-07
and 01-06-14; Fig 4.28). For samples from topsoil (depth of 4 cm and 14 cm) with high magnetic
susceptibilities (16 - 61.5 x 10-8 Kg-1 m3), the hysteresis curves for the untreated and FeHEDTA-treated
sampled are similar . The hysteresis curve of untreated sample 01-05-14 (low magnetic susceptibility) is
dominated by paramagnetic material (Patterson et al., 2018), while the hysteresis curve of FeHEDTA
treated sample 01-06-14 has a negative slope after application of 200 mT magnetization field,
potentially indicating the presence of very strongly magnetic material in the sample (Patterson et al.,
2018).
It is clear that two types of behavior are observed after treatment with FeHEDTA. In the gleysolic
samples with high susceptibility, there is little change in the magnetic properties. In gleysolic samples
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with low susceptibility, and in the luvisolic samples that have lower susceptibility overall, there is a
much more distinct change, although the nature of the change varies. Luvisolic soils and subsoil samples
from gleysolic soils (with initially low magnetic mineral concentrations as defined by their susceptibility)
are more susceptible to magnetic changes after treatment of FeHEDTA, probably due to the introduction
of additional iron from the FeHEDTA and subsequent chemical reactions.
5.2.4

Hypothesis Testing
The first hypothesis was that magnetic property and parameter measurements will allow

determination of the magnetic characteristics of FeHEDTA. This study demonstrated that a range of
magnetic measurements show variations consistent with the formation of magnetic minerals, and that
parameters such as susceptibility, and remanence measurements are useful in determining a magnetic
signature for FeHEDTA.
The second hypothesis was that magnetic measurements will show increases in concentrationdependent magnetic parameters if the amount of FeHEDTA is increased. The control samples show that
susceptibility, which is considered to be concentration dependent, at low values of FeHEDTA additions,
does not produce consistent, reliable results or values, whereas higher values of FeHEDTA do. The
control samples with FeHEDTA concentration of > 26% had a distinct magnetic signature.
The third hypothesis was after FeHEDTA application to soils, there is will be a measurable change
in the magnetic properties of soils; however, while this may be reflected in concentration-dependent
parameters, the initial soil mineralogy or grain size could also be affected. The results clearly show that
the effect of FeHEDTA are measurable, but are dependent on the soil type, and on the initial amount of
iron in the soil. Luvisolic soils and subsoil samples from gleysolic soils (with initially low magnetic
mineral concentrations as defined by their susceptibility) are more susceptible to magnetic changes after
treatment of FeHEDTA.
5.3 Implications for Previous Studies
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One of the questions raised for this study was whether FeHEDTA could create enough of an
effect on soils that previous and ongoing environmental magnetic studies using soils could be affected.
The results from this study suggest that theoretically, where initial iron concentrations are low in the soil,
magnetic measurements could potentially be affected by the use of FeHEDTA. However, there are
several other factors that should be considered. First, the high concentrations of FeHEDTA that were
used in this analysis are much higher than the recommended application amount, by a factor of 5-10
times. Second, the application instructions are: 1) to apply the FeHEDTA directly to plants, and not to
soil – the instructions actually say that application to soil won’t work to reduce dandelion growth; and 2)
to refrain from applying if rain is imminent, as rainfall will reduce the effectiveness by washing away
the herbicide. Third, this herbicide was only approved in 2010, so studies occurring prior to that date are
unlikely to be affected. Due to all of these factors, the potential for FeHEDTA contamination in
previous environmental magnetic studies is very limited. However, the possibility cannot be totally
eliminated, especially for more recent research that has taken place in cultivated and/or urban areas.
5.4 Conclusions
1. FeHEDTA in gypsum, with a volume:mass ratio of 18ml:50g (~ 26% ) produces a magnetic signature
distinguished by the presence of superparamagnetic to single-domain size magnetite grains with a
possibility of metallic iron crystals being formed.
2. If FeHEDTA is applied at a similar volume: mass ratio to soils, its effect varies, and is dependent on
the soil type and on the initial iron (magnetite?) concentration. The effect of FeHEDTA in gleysolic soil
samples is most evident in samples from greater depths (subsoil) with comparatively lower initial
magnetic mineral concentrations and higher amounts of clay-rich minerals. The strongest effect of
FeHEDTA was observed in clay-rich soil samples. In these samples, an increase in χfd suggested that
the FeHEDTA could have been reacting with clay minerals to increase the magnetic mineral
concentration in treated soil samples.
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3. However, such changes in magnetic properties of soils after applications of FeHEDTA are likely to be
apparent only if the amount of FeHEDTA used is much higher than the company-recommended
application amounts of FeHEDTA. Therefore, the potential that FeHEDTA could have affected previous
environmental magnetic research is minimal, especially since the herbicide was not widely available
before 2010, when it was approved by PMRA.
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